The Second Department of Internal Medicine, Kurume University School of Medicine, Kurume, Japan (Received September 12, 1974) Changes in fatty acid patterns of lipids in serum and erythrocytes in duced by dietary fats and in vitro incorporation of fatty acids into ery throcyte membranes were investigated with pigs. On feeding various diets, it was found that fatty acid composition of serum and erythrocytes could be modified and altered toward the fatty acid pattern of the diet .
In vitro, the incorporation of labeled fatty acids into erythrocyte mem branes was accelerated by the addition of cofactors such as lysolecithin , CoA and ATP.
Dietary fats also had certain effects on the incorporation of fatty acids into erythrocyte membranes. Erythrocytes , collected from the blood of pigs fed corn oil, incorporated and also released more labeled linoleate than those of pigs fed hydrogenated soybean oil. Palmi tic acid was more slowly incorporated into erythrocyte membranes than linoleic acid in the pigs fed both a commercial chow and scheduled meals, indicating selective esterification of fatty acids in the erythrocyte mem branes.
Although the mechanism involved in fat transport in the body has been vigo rously investigated, it is still incompletely understood. It has been demonstrated that after ingestion of different fats, the lipid and fatty acid compositions of animal sera (1, 2) and erythrocyte membranes (3, 4) change toward those of fat ingested. It has been established that the membrane of an erythrocyte is not merely an envelope but is a living organization (S, 6) which carries out various metabolic processes. Since the red cell membrane is constructed in part with lipids, transfer of various plasma components across this membrane may be affected by chemical changes in its lipids. The red cell membrane readily exchanges its cholesterol with serum lipoproteins and, in contrast to most other tissues , it has vertually no capacity to synthesize fatty acids; it incorporates fatty acids into phospholiuids .
The structural phospholipids which are most abundant in animal erythrocytes may be important in the maintenance of their viability and function, and they are continuously renewed while the blood cells circulate. OLIVEIRA and VAUGHAN (7) and Van DEENEN and coworkers (8, 9) noted the incorporation of 14C-labeled fatty acids into washed erythrocyte ghosts in the presence of ATP, CoA and MgCl2. MULDER et al. reported an influence of dietary fat (10) on the incorporation of fatty acids into animal erythrocytes and other investigators (11, 12) on the im portance of cofactors and nutrients in this phenomenon. This report describes a study of the effect of dietary fat on the lipid composition of sera and erythrocyte in the swine, and the incorporation and release of fatty acids in vitro. EXPERIMENTAL 1. Experimental animals and dietary plan. Ten pigs of both sexes of York shire (about six months of age) which had been fed the commercial chow, were used for the analysis of fatty acid patterns of serum and erythrocytes. Blood was collected into heparinized or citrated bottles from the swine by heart puncture at the time of slaughter and also taken from the anterior versa cava by a heparinized syringe at various times during the feeding study.
Fresh blood samples were kept in the ice box to prevent oxidation of lipids.
Solution of fatty acid salts were prepared (15) , by adding a slight excess of 1/10 N NaOH to each labeled and nonlabeled fatty acid which had been dis solved in absolute ethanol. The fatty acid salts were dissolved in a small amount (1-2ml) of boiling saline and were combined with ten times amount of albumin by weight as described by GOODMAN (16 
RESULTS

A.
Feeding study 1 . Fatty acid patterns of serum and erythrocyte lipids in pigs fed commercial chow Fatty acids of serum and erythrocyte lipids in ten pigs fed the commercial chow are shown in Fig. 1 . The fatty acid pattern of serum is similar to that of red cells. Percentage of palmitate in serum was lower than that in red cells, and linoleic acid was lower in erythrocytes than in serum. The coefficient of correla tion in fatty acid composition between serum and Rbc in these pigs was 0.973. 2. Fatty acid patterns of serum and erythrocyte lipids during long term scheduled feeding ( Fig. 2 ) Analyses were made on the fatty acids of serum and erythrocyte lipids in pigs kept feeding more than one year with four dietary regimens. The linoleic acid was the highest both in the serum and erythrocyte lipids of pigs fed the corn oil diets, and the oleic acid was the highest in those of pigs fed the soybean oil diets. In the lipids of Rbc from pigs maintained on corn oil diet, linoleic acid was relatively low and, in contrast, palmitic acid was high, compared to serum lipids .
Thus, the fatty acid composition of Rbc was not exactly the same as that of serum. The coefficients of correlation in fatty acid composition between serum and Rbc were 0.996, 0.979, 0.884 and 0.814 in the pigs fed soybean oil-high protein diet, soybean oil-low protein diet, corn oil-high protein diet and corn oil-low pro tein diet, respectively, showing lower correlation in corn oil-fed animals. Myristic acid (C14:0) in the lipids of both serum and Rbc from pigs fed the scheduled diets was minimal, compared with pigs fed commercial chow.
Dietary protein does not seem to produce a significant change in the fatty acid pattern. 3. Effect of short term feeding on fatty acid composition of serum and erythrocyte lipids Pigs were fasted for 18 hr, then fed, and blood was withdrawn before and 4 hr after the feeding. Figure 3 shows the fatty acid patterns of serum and ery throcyte lipids. No remarkable changes were observed. It is interesting, however, that a reciprocal movement of oleic acid was noted between serum and erythro cytes except in the pigs fed corn oil-high protein diet in which percentage of palmi tic acid increased somewhat in erythrocytes.
Decrease in % linoleic acid of erythrocytes from pigs fed corn oil-high pro tein diet seems to be compensated for by a relative increase in percentage of pal mitate and oleate, compared with the corresponding serum of pigs. To study the difference in incorporation rate of different fatty acids , 14C -linoleate and 14C-palmitate were incubated with erythrocytes from pigs fed corn oil and commercial chow. The results in Table 4 revealed a greater incorpora tion of linoleate than palmitate into both phospholipids and triglyceride fraction of erythrocytes from pigs on each diet. 
S. Fatty acid incorporation into erythrocyte ghosts
The results in Table 5 shows a much greater incorporation of 14C-labeled linoleate into phosphatidyl choline and phosphatidyl ethanolamine in the cry throcyte ghosts in the swines fed corn oil than in those fed hydrogenated soybean oil. The erythrocyte ghosts of corn oil-fed swines took up twice as much 14C -linoleate as those of soybean oil-fed ones into phosphatidyl choline and slight greater radioactivity into phosphatidyl ethanolamine. 6. Spec ficity of fatty acid incorporation with respect to structural position of erythrocyte phospholipids Enzymatic degradation of phospholipids was carried out with the aim to elucidate the position where the labeled fatty acid is incorporated according to the method described by LONG and PENY (21) . 14C-palmitate and 14C-linoleate were separately incubated with swine erythrocytes in the mixture containing neces sary cofactors. plates. Separated fatty acids, lecithin and lysolecithin were submitted to radio activity counting by the liquid scintillation counter. Phosphatidyl ethanolamine was also similarly separated and the radioactivities were counted. Radioactivi ties of separated lipids after enzymatic degradation are shown in Table 6 . Most of the radioactivities of degraded phospholipids were found in the fatty acid frac tion and 10 to 20% of the radioactivity was detected in phospholipids and their lysocompounds when 14C-palmitate was used, while all radioactivity was found in the fatty acid fraction when 14C-linoleate was used. 7. Release of phospholipid fatty acid from swine erythrocytes To study the effect of dietary fat on the catabolism of erythrocyte phospholi pids, erythrocytes of pigs fed two kinds of diet were labeled with radioactive fatty acid (14C-linoleate) in vitro. The labeled cells were then incubated in the serum of the original blood and loss of radiactivities from the cells into plasma was ex amined. Release of phospholipid fatty acid from the erythrocytes of pigs fed corn oil diet was measured and compared with the results in pigs fed hydrogenated soybean oil diet. As demonstrated in Fig. 8 , the release was somewhat greater in the former, compared with the latter. 
DISCUSSION
It is generally thought that lipid composition of serum and erythrocytes can be modified by manipulation of dietary fat (1) (2) (3) (4) (23) (24) (25) . Present study has been designed to investigate the direct and indirect effect of dietary fat on fatty acid composition of serum and erythrocytes of pigs by feeding either hydrogenated soybean oil or corn oil, combined with varying protein levels. Major fatty acids in the soybean oil and corn oil examined by gas-liquid chromatography were C16:0, 13.3%, C18:0, 14.1%, C18:1, 72.6%, for partially hydrogenated soybean oil, and C16:0, 11.2%, C18:0, 1.8%, C18:1, 25.9%, C18:2, 61.1% for corn oil.
Although KUMMEROW et al. (14) demonstrated that dietary protein influenced the cholesterol-depressing effect of corn oil in the chicks, the present study did not show any difference in fatty acid composition. This might be due to the fact that these pigs consumed so much calories and proteins in excess of their require ments.
Evidence has been virtually presented in this paper that fatty acid patterns of sera and erythrocytes from pigs are changed toward those of dietary fat ingested, especially in the serum ( Fig. 2A, 2B) . A greater variation was noted in the fatty acid composition of erythrocytes, compared with serum fatty acids.
MULDER et al. (10) demonstrated a selective incorporation of fatty acids into rabbit erythrocyte phospholipids, relating that, in contrast to linoleic acid, inges tion of large amount of lauric acid failed to elevate the content of this fatty acid in the red cell phospholipids in spite of notable elevation of lauric acid level in plasma, while the percentage of linoleic acid was doubled within 10 days after replacing the lauric acid-containing coconut oil by corn oil rich in linoleic acid. Increase in percentage of palmitic acid might indicate relative increase in its in corporation or synthesis by erythrocytes, as demonstrated by PITTMAN and MAR TIN (22) .
The present study casted the focus on the fatty acid incorporation into erythro cyte membrane in connection with dietary fat. Incorporation of unesterified fatty acids in the external medium into the phospholipids of erythrocyte mem branes was first noted by OLIVEIRA and VAUGHAN (7). They found, using erythro cyte ghosts as experimental models, that the energy dependent incorporation was primarily into nhosphatidvl choline.
Subsequently, MULDER et al. (27) suggestedd that two biochemical pathways could be operative in the final stage of the incorporation. These pathways are; (A) Insertion of fatty acids (activated as aryl CoA) into preformed lysolecithin by the pathway originally described by LANDS (28) . (B) Transesterification between two lysolecithin molecules to form one phosphatidyl choline, as described by ERBLAND and MARINETTI (29) as well as SHOHET et al. (26) .
The in vitro incubation study (Fig. 4) showed that more than 98% of the radioactivity in the erythrocyte membranes was still in the free acid-neutral fat fraction and that about 2% of the radioactivity in the membranes was incorporated into phospholipid fraction in 7 hr of incubation. The author, however, admits that the radioactivity derived from the fatty acid-neutral fat fraction might con tain radioactive free fatty acid on the cell surface which had not been completely washed off. other than one reported above, representing Kennedy and Greenberg pathways . The results of the present study agree with those of DONABEDIAN and KAR MEN (12) in that most of the radioactive fatty acids were incorporated into erythro cyte phospholipids and triglyceride in the presence of the energy producing system . As shown in Table 2 , ATP markedly enhanced fatty acid incorporation , parti cularly when the experiment was carried out with hemolysate .
WINTERBOURN and BAIT (30) also observed a very active incorporation of fatty acids into leucocytes, mainly into phospholipids and triglyceride . As shown in Fig. 7 , with higher concentrations of leucocytes, apparent decrease was found in the amount of radioactivity incorporated into the erythrocyte lipids . In cal culating the radioactivities of lipids taken up by both blood cells , a white blood cell appeared to incorporate about 85 times radioactive fatty acids into phospho lipids, and about 280 times more into triglyceride, compared with a red blood cell . Judging from the life span and activity of cellular metabolism of Rbc and Wbc , it is expected that Wbc took up the fatty acid far more than Rbc . And when in cubated together, fatty acid incorporation into phosphatidyl choline per a red cell would become less and less as the number of Wbc and Rbc increased . As for fatty acid incorporation into phosphatidyl ethanolamine, no distinct increase of radioactivities was found with the increase of cell number both in Wbc and Rbc, which means proportional decrease of the incorporation per a cell . The author speculates that much greater incorporation of fatty acid into phosphatidyl choline of both blood cells brought about the decrease in the uptake per each cell into phosphatidyl ethanolamine as the cells increased . In other experiments, effort was made to remove leucocytes as much as possible , but it was not feasible to remove them completely. The erythrocyte preparation contained 0.001% to 0.002% of leucocytes.
A significant difference was observed in the rate of fatty acid incorporation into erythrocytes when incubated in plasma or Krebs-Ringer solution . Although plasma contains various cofactors and nutrients, the incorporation was less ac tive, which might indicate that plasma inhibited the removal of the fatty acid from albumin before energy-requiring acylation of fatty acid takes place . In fact, GOODMAN (16) noted a strong binding of serum albumin and fatty acid anions , and posturated three classes of binding sites between them.
Synthesis of lecithin by acylation of lysolecithin was first demonstrated by LANDS (28) in liver microsomes. In the studies of acyltransferase from this source , L ANDS and MERKEL (31) compared the utilization of several fatty acyl CoA com pounds with acylglycerophosphoryl choline as an acceptor. CoA esters of un saturated fatty acids reacted more rapidly than did those derivatives of saturated fatty acids. In the present study, more linoleic acid than palmitic acid was in corporated into erythrocyte lipids. A similar specificity of acyltransferase in erythrocytes might be responsible for the preferential incorporation off linoleic acid because more of 14C-labeled linoleate was incorporated than labeled palmitate whereas erythrocytes of pigs fed commercial chow was richer in palmitic acid than in linoleic acid, and it seems that the difference in the incorporation between both fatty acids was greater in the pigs fed a scheduled diet than those fed the commercial chow.
As the lipid composition of plasma and erythrocytes varies with species (32, 33) , differences in the rate of fatty acid incorporation into animal erythrocytes have also been noted. MULDER et al. reported that incorporation of fatty acids into phosphatidyl choline of red cells of the rat, rabbit, and man was greater than those of the ox and sheep which have a very low lecithin content. Similar ob servations were made by OLIVEIRA and VAUGHAN (7), who also reported a higher uptake of labeled linoleate into phosphatidyl ethanolamine of bovine red cells when compared with rabbit erythrocytes. Thus, various observations suggest that dis tribution among lipid fractions of the incorporated fatty acids is related only in directly to the known differences in phospholipid composition between the rumi nants and nonruminants studied.
Furthermore, it has been found that these erythrocytes differ in permeability, as modified by manipulation of dietary fat (33, 34) , and in the binding of phos pholipids (35) , indicating that altered fine structure of erythrocyte membrane induced by difference in phospholipids and their fatty acid compositions might influence its function.
The results of in vitro studies with labeled fatty acids showed that the tatty acids are directed to. the specific ester sites. In general, it had been thought that unsaturated fatty acids are incorporated at 2nd or jS position of phosphatidyl choline whereas saturated fatty acids at 1st or a position, and a more recent study by WAKU and LANDS (36) has indicated that in human erythrocytes the acyltrans ferase activity measured with 2-acylglyceryl phosphoryl choline was much lower than with 1-acylglyceryl phosphoryl choline. On the other hand, OLIVEIRA and VAUGHAN (7) reported that in human erythrocyte ghosts palmitic acid was esteri fied like linoleic acid mainly at 2 position of phosphatidyl choline.
In rabbit erythrocytes, as studied by MULDER and Van DEENEN (8), linoleic and oleic acids were esterified at 2 position whereas palmitic acid was preferen tially incorporated into 1 position.
Furthermore, the experiment by RAY et al. (45) , using E. coli, demonstrated the incorporation of stearic acid, saturated fatty acid, into 2 position of diacyl glycerophosphate. (50) , species, and so forth. Furthermore, it is generally said that fatty acids at 2 position of glyceryl phospholipids are easily transferred to 1 position. The author specurates that the palmitic acid incorporated into 2 position might be transferred to 2 position during long (8 hr) incubation, because the fatty acid was incorporated into both positions while linoleic acid was incorporated exclusively into 2 position. These facts also seem to indicate the existence of different types of acyltransferase, as shown by CRONAN et al. (50) . At present, the multiplicity of the enzyme action needs further investigation.
In the experiments in which synthetic lysolecithin was used, a much greater incorporation of linoleic acid than palmitic acid was observed as expected, because the lysolecithin preparation used had the 2 position unesterified.
Thus, fatty acid composition may be predicted to a certain extent by compari son between relative rates of aryl transfer to 2 position and composition of red cell lipids.
The fatty acid pattern of erythrocytes is determined by an equilibrium be tween the fatty acids taken up and their degradation or release through the mem branes.
This in vitro study revealed a greater incorporation and removal of lino leic acid in the erythrocytes of swipes fed corn oil than in the erythrocytes of those fed hydrogenated soybean oil. It may be a reasonable finding, provided that lipid content of erythrocyte membranes and serum are not increasingly changed and keep relatively constant levels after a certain equilibration is attained.
Furthermore, NICHAMAN et al. (41) reported that a diet high in linoleic acid stimulated the conversion of the acid to carbon dioxide both in normal and hyper lipemic subjects, and they speculated that high linoleate feeding may contribute to the control of hyperlipemia by diverting more dietary fatty acids toward oxyda tive pathways.
There is some question of whether or not the fatty acid incorporation observ ed in these in vitro studies represented a mechanism for in vivo renewal of fatty acids in erythrocyte phospholipids (8) . It seems to be the case, and presumably the acyltransferase reactions proceed normally at about the same relative rates as those observed for the exchange of pospholipids between plasma lipoproteins and erythrocyte membrane (37) .
Several workers have investigated phospholipid alterations in various disease states (38) (39) (40) . In such disorders, the erythrocyte membranes seems to be a good monitor for similar change occurring in the membranes of other tissue cells.
And hopefully, what is learned about the structure and function of erythrocyte membranes may be applied directly to the membranes of other tissue cells or their intracellular organellae in relation with their lipid composition.
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